Abstract Huntington's disease (HD) is an autosomal dominant neurodegenerative disorder. Oxidative damage has been associated with pathological neuronal loss in HD. The therapeutic modulation of oxidative stress and mitochondrial function using low molecular weight compounds may be an important strategy for delaying the onset and slowing the progression of HD. In the present study, we found a marked increase of 4-hydroxy-2-nonenal (4-HNE) adducts, a lipid peroxidation marker, in the caudate and putamen of HD brains and in the striatum of HD mice. Notably, 4-HNE immunoreactivity was colocalized with mutant huntingtin inclusions in the striatal neurons of R6/2 HD mice. Administration of nordihydroguaiaretic acid (NDGA), an antioxidant that functions by inhibiting lipid peroxidation, markedly reduced 4-HNE adduct formation in the nuclear inclusions of R6/2 striatal neurons. NDGA also protected cultured neurons against oxidative stressinduced cell death by improving ATP generation and mitochondrial morphology and function. In addition, NDGA restored mitochondrial membrane potential, mitochondrial structure, and synapse structure in the striatum of R6/2 mice and increased their lifespan. The present findings suggest that further therapeutic studies using NDGA are warranted in HD and other neurodegenerative diseases characterized by increased oxidative stress and altered mitochondrial function.
Introduction
Huntington's disease (HD) is a fatal autosomal dominant neurodegenerative disease of midlife onset caused by an expanded DNA segment containing a polymorphic trinucleotide CAG repeat that encodes the protein huntingtin (Htt) [14, 15] . The Htt protein is widely and heterogeneously expressed in neurons throughout the brain. There is increasing evidence suggesting that mtHtt and its proteolytic fragments may participate in pathologic protein-protein interactions, leading to altered genetic and molecular messages that result in neuronal dysfunction [4, 9, 44] . A direct pathway linking the genetic mutation to neuronal degeneration, however, has not been established. Impaired energy metabolism due to mitochondrial dysfunction and oxidative damage occur in HD, but it is not clear whether neuronal injury is a cause or result of oxidative damage [1, 3] . It is noteworthy that lymphoblasts from HD patients manifest abnormal mitochondrial membrane depolarization suggesting that mitochondrial dysfunction in the HD brain is not secondary to neuropathological alterations [30, 37] . Mitochondrial dysfunction may be disease-specific because lymphoblasts from the patients with spinocerebellar ataxia type 1 (SCA1), another neurodegenerative disorder caused by an expanded poly Q in the gene ataxin-1, do not show altered mitochondrial membrane depolarization [37] . Furthermore, oxidative damage affects mitochondrial DNA in the parietal cortex as well as nuclear DNA in the caudate nucleus in HD [6] confirming the notion that oxidative stress is a fundamental aspect of HD pathogenesis [45] . Because of this, therapeutic modulation of oxidative stress and mitochondrial function using small compounds may be an important strategy for slowing the onset and the progression of HD [4, 35] .
Polyunsaturated fatty acids within the cellular membrane are among the primary targets of free radicals. 4-Hydroxy-2-nonenal (4-HNE), a major lipid peroxidation product of n -6 polyunsaturated fatty acids, interferes with nucleophilic and signaling molecules that regulate a wide range of cellular processes including proliferation, differentiation, and apoptosis [7] . 4-HNE induces neuronal microtubule dysfunction and inhibits neurite outgrowth and is elevated in the brain and plasma of Alzheimer's patients [21] [22] [23] [24] . 4-HNE deposition has also been found in other neurodegenerative diseases, including amyotrophic lateral sclerosis, myotonic dystrophy, and Parkinson's disease [5, 12, 29] , but 4-HNE adducts have not been previously investigated in HD.
In this study, we examined the level of 4-HNE adducts in human and murine HD brains. We also evaluated the therapeutic effects of a phytoestrogen, nordihydroguaiaretic acid (NDGA), on oxidative stress and mitochondrial function in an animal model of HD.
Materials and methods

Animals and therapeutic intervention
Male transgenic HD mice (R6/2 strain) [20] were obtained from The Jackson Laboratory (Bar Harbor, ME, USA) and maintained as a colony at the Bedford Veterans Medical Center. CAG140 mice and N171-82Q mice were obtained from Dr. Levine and Dr. Borchelt's laboratory, respectively [17, 39] . All mice were handled under the same conditions by one investigator as described previously [8, 36] . All mice were weighed at 20 days of age and equally distributed according to weight and percentage within each cohort (n = 10). NDGA (12 mg/kg/day; Calbiochem) was administered by intraperitoneal (i.p.) injection at 30 days of age. NDGA was injected five times a week. Control groups were treated with saline injection. For all groups, body weight was measured and recorded twice weekly at the same time and day. For the neuropathological and the biochemical analysis, R6/2, N171-82Q, and CAG140 mice were euthanized at 90 days (3 months), 180 days (6 months), and 240 days (8 months) of age, respectively. A limited number of deaths occurred overnight and were recorded the following morning. All animal experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by both the Veterans Administration and Boston University Animal Care Committees.
Human tissue samples
Samples of striatum and the superior frontal cortex were pathologically verified and graded according to neuropathological criteria as described previously [36, 46] . The information on human brain samples was shown in Online Resource 1.
Primary cortical neuron culture
The primary neurons were obtained from the cerebral cortex of fetal Sprague-Dawley rats [embryonic day 17 (E17)] and B6CBA mice (E15) as described previously [32, 33] . All experiments were initiated 24-72 h or 2 weeks in vitro culture after plating. Neurons were either stimulated with indicated agonists and antagonist or treated with the same volume of the appropriated diluents for the indicated periods of time. Neuronal cell viability was assessed by phase-contrast microscopy, MTT, and TUNEL assay [34] .
Intracellular ATP measurement
Primary neurons were treated NDGA for 24 h. The cell lysates were prepared for the measurement of ATP using a bioluminescence detection kit for ATP (Promega, Madison, WI, USA).
Western blot analysis For the measurement of protein level by Western blot analysis, the minced brains from WT and R6/2 mice were homogenized with 15 strokes (Power Gen 125, Fisher Scientific, Pittsburgh, PA, USA) in an ice-cold cell extraction buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 1 mM (PMSF), 10 lg/ml leupeptin, 1 mM pepstatin, 1 mM N-ethylmaleimide, 2 mM Na 3 VO 4 , 20 mM sodium pyrophosphate, and 50 mM NaF [33] . The supernatants were carefully removed, and the protein concentration was quantified by Bradford method. Lysates were mixed with 29 or 59 boiling Laemmli's buffer (19 is 100 mM TrisHCl, pH 6.8, 4% SDS, 200 mM dithiothreitol, 20% glycerol, 2% SDS, 0.2% bromophenol blue, 10 lg/ml aprotinin, 10 lg/ml leupeptin). The samples were then boiled for 10 min at 100°C and spun at 15,000 rpm for 10 s. Typically, about 30 lg of protein was electrophoresed on 10% SDS-polyacrylamide gel and transferred to nitrocellulose membrane. Membranes were blocked in 5% skim milk in TBST (Tris, pH 7.4; 150 mM NaCl; 0.05% Tween 20) for 30 min at room temperature. Blots were then probed with primary antibodies overnight at 4°C followed by incubation with anti-rabbit or anti-mouse IgG, conjugated with horseradish peroxidase (Bio-Rad, Hercules, CA, USA) for 1 h. Signals were detected by using the ECL system (Amersham Corp., Arlington Heights, IL, USA).
Neuropathology and confocal microscopy Serial-cut coronal tissue sections from the rostral segment of the neostriatum at the level of the anterior commissure (interaural 5.34 mm, bregma 1.54 mm to interaural 3.7 mm, bregma -0.10 mm) were used for the neuropathological analysis [8, 36] . Serially cut tissue sections were stained for Nissl substance, and the neuronal sizes were analyzed by NIH ImageJ program. Indirect labeling methods were used to determine the levels of 4-HNE (Chemicon, Temecular, CA, USA) (1:200), MDA (Chemicon) (1:200), mtHtt (EM48 monoclonal antibody) (Chemicon) (1:1,000), cytochrome c (Santa Cruz Biotech) (1:200), and bIII tubulin (Sigma) (1:500 dilution). Fixed cells and tissue sections were incubated with blocking solution containing 0.3% Triton X-100, 5% bovine serum albumin, and 3% goat serum for 1 h, followed by incubation with primary antibodies overnight at 4°C. After three washes with PBS, the specimens were incubated for 1 h with FITC and Cy3-conjugated secondary antibodies (1:200 dilution). The nucleus was counter stained with 4 0 ,6-diamidino-2-phenylindole (DAPI). All antibodies were diluted in PBS. The slides were washed three times with PBS and mounted with fluorochrome mounting solution (Vector Laboratories). Images were analyzed using a spinning disk confocal microscope (Olympus DSU, Tokyo, Japan). Deconvolution and three-dimensional construction of the confocal image were performed by AQI-X-COMBO-CWF program (Media cybernetics Inc., Bethesda, MD, USA). Isosurface image was reconstructed after a deconvolution of the confocal image. ''Isosurfaces'' are a graphical rendering technique available on the more powerful computer visualization programs, which create 2D contours in 3D space by interpolating between stacked sequential images, such as the 2D cellular maps that comprise a cross-section of the 3D data volume. Typically, we looked at a series of 40 confocal layers representing fluorescence data from the substantia nigra neuron and then developed an abstract image which provided the details seen in this image. The quantitative assessment of the image was measured by AQI-X-COMBO-CWF and NIH ImageJ software. Control experiments were performed either in the absence of primary antibody or in the presence of blocking peptide.
Transmission electron microscopy (TEM)
The primary cultured neurons and brain samples were fixed for 1 h in a mixture of 2% glutaraldehyde, 0.2% freshly prepared tannic acid, and 0.1 M sodium cacodylate (pH 7.4). After washing in cacodylate, they were postfixed in 0.5% OsO 4 and embedded in Durcupan (Fluka, Switzerland). The sections were contrasted with uranyl acetate and lead citrate and examined in a Jeol CX 100 electron microscope.
Statistical analysis
The data are presented as the mean ± SEM. Data analysis was performed by Student t test and one-way ANOVA followed by Fisher's protected least significant difference test using StatView 4 (Abacus Concepts, Berkeley, CA, USA). Survival data were analyzed by Kaplan-Meier survival curves. Differences were considered statistically significant when P \ 0.05.
Results
Increased 4-HNE adducts in the striatum of human HD and animal models of HD The 4-HNE is a major membrane lipid peroxidation product. While markers of oxidative damage to DNA and proteins have been studied in HD, there has been no such research using 4-HNE. Our aim was to determine the level of 4-HNE in human HD and murine HD brain tissue sections using immunocytochemistry and confocal microscopy. Immunoreactivity of 4-HNE adducts, a lipid peroxidation marker, was markedly increased in the caudate and putamen of the human HD brain compared to the control brain that displayed weak immunoreactivity of 4-HNE adducts (Fig. 1a, b) . The information on human brain samples was shown in Online Resource 1. Densitometric analysis by NIH ImageJ showed that the 4-HNE levels are significantly increased both in caudate and putamen of HD brains in comparison to the control brains (P \ 0.01, df = 8) (Fig. 1c) . In addition, we quantified the amount of lipid peroxidation (4-HNE plus MDA) in human samples using a colorimetric microplate assay. Concurrent with the immunohistochemistry data, the total level of lipid peroxidation was significantly elevated in HD brains (2.64 ± 0.20 lM) than in controls (2.13 ± 0.12 lM) (P \ 0.05, df = 8) (Online Resource 2). Otherwise, immunoreactivity of 4-HNE adducts was notably elevated in the nucleus striatal neurons of the N171-82Q HD mouse at 6 months of age (Fig. 2a, b ) and in striatal neurons of the CAG140 knock-in HD mouse at 8 months of age ( Fig. 2c, d ), respectively (P \ 0.05, F = 8). Interestingly, the immunoreactivity of 4-HNE adducts was found in nuclei along with the immunoreactivity of mtHtt (Fig. 2c) . We found that oxidative stress increases the cellular immunoreactivity of 4-HNE in a cell line model of HD (Tet-mtHtt-Q103-EGFP cells) (Online Resource 3). Tet-mtHtt Q103-EGFP SH-SY5Y cells were induced with 3 lM of doxycycline for the expression of mtHtt for 48 h. The basal immunoreactivity of 4-HNE adducts was increased by mtHtt induction. Moreover, the level of 4-HNE adducts and aggregates were enhanced when cells were exposed to oxidative stress (10 lM of H 2 O 2 for 12 h).
NDGA protects neurons against oxidative stress-induced cell death via mitochondria-dependent pathway To determine the neuroprotective effect of NDGA, primary neurons were exposed to buthionine sulfoximine (BSO) to induce oxidative stress by glutathione depletion through an inhibition of c-glutamylcysteine synthetase. NDGA (\10 lM) prevented BSO-induced neuronal death in a concentration-dependent manner (Online Resource 4). However, a higher dose ([10 lM) of NDGA showed no additional protective effect against oxidative stress. Glutamate-induced cell death, which is accompanied by an accumulation of reactive oxygen species (ROS), is a major contributor to pathological cell death within the nervous system. Selective striatal degeneration is mimicked by administration of excitotoxins into the striatum [4] . Thus, glutamate-induced excitotoxicity is closely linked to the oxidative stress in HD. In order to confirm the protective role of NDGA against excitotoxicity, we further investigated the effect of NDGA on the glutamate-induced neuronal cytotoxicity and the ultrastructural morphology of mitochondria using a cytochrome c antibody and the MitoTracker probe (CMXRos). The mitochondria were double labeled in the presence or absence of glutamate and NDGA. Control cells showed intact mitochondrial cytochrome c staining (green) and CMXRos (red) (Fig. 3a) . The fluorescence-staining pattern of active mitochondria in control cells was concentrated in the peri-nuclear region. In the presence of glutamate for 18 h, cortical neurons revealed loss of mitochondrial cytochrome c, mitochondrial membrane potential, and the loss of mitochondrial fluorescence (Fig. 3a) . The change of mitochondrial membrane potential by MitoTracker probe was further analyzed by NIH ImageJ (Online Resource 5). NDGA treatment not only restored the mitochondrial membrane potential, but also inhibited the release of cytochrome c to the cytosolic fraction. This is a process that occurs in glutamate-treated cortical neurons prior to cell death (Fig. 3b) . NDGA also blocked the cleavage of pro-caspase-9 (cas-9) to active caspase-9 (Fig. 3c) . NDGA (1 lM) was neither cytotoxic nor did it compromise the mitochondrial membrane potential (Fig. 3a) . These results suggest that the protective role of NDGA against oxidative stress is upstream of a mitochondria-dependent death pathway in neurons. Glutamate treatment disrupted the mitochondrial membrane and cristae structure in comparison to normal mitochondria (Fig. 3d) . NDGA prevented the structural damage of mitochondria in response to glutamate (Fig. 3d) . These electron microscopic data further support that NDGA effectively prevents neuronal damage upstream of the mitochondria-dependent pathway. Recently, the proposition that defects in mitochondrial energy metabolism underlie the pathogenesis of neuronal loss in neurodegenerative disorders has gained considerable support. To establish a relationship between NDGA and energy metabolism, we measured ATP in primary neuron cultures. Mouse cortico-striatal primary neurons were treated with NDGA for 24 h, and cell lysates were prepared for the measurement of ATP using a bioluminescence detection kit for ATP. NDGA increased the intracellular level of ATP in a dose-dependent manner (Fig. 3e) .
NDGA reduces the level of 4-HNE adducts and aggregates of mutant huntingtin (mtHtt) in R6/2 HD mouse To determine if NDGA would provide therapeutic benefit in a transgenic mouse model of HD, we assessed the relationship of the anti-oxidant effect of NDGA in HD mice through phenotypic observation along with 4-HNE adducts using confocal microscopy (Fig. 4a) . NDGA decreased the immunoreactivity of 4-HNE adducts in the striatal neurons of R6/2 mice. NDGA was found to also reduce the particle number of 4-HNE adducts (Fig. 4b) .
The particle numbers were counted from the images shown in the panel a using an image-analyzing program (IP Lab, Scanalytics BD Biosciences-Bioimaging). The density (pixel values) of 4-HNE adducts was reduced by NDGA administration in R6/2 mice as well (Fig. 4c) . Furthermore, we found that NDGA reduces mtHtt aggregates in the striatal neurons of R6/2 mice compared to vehicle-treated R6/2 mice (Fig. 4d) . Inclusion bodies and aggregates formed by mtHtt (exon1 N-terminal mutant Htt fragment) are known to often correlate with neuronal cytotoxicity, so we also analyzed the density mtHtt aggregates (Fig. 4d) , which was determined from the images in panel d. NDGA administration decreased the density of mtHtt aggregates in R6/2 mice (Fig. 4e) . Western blot analysis was used to detect mtHtt in the detergent soluble fraction (Sol. Frac.) and insoluble fraction (Insol. Frac.) of striatal extracts (Fig. 4f) . Our research indicates that NDGA reduces the density level of mtHtt in the insoluble fraction (Fig. 4g) .
Colocalization of mtHtt with 4-HNE adducts in nuclear inclusions and its reduction by NDGA Additionally, we analyzed the effect of NDGA on the intracellular and spatial distributions of 4-HNE adducts in striatal neurons using confocal microscopy and image analysis program (IP Lab, Scanalytics BD Biosciences- Bioimaging and AQI-X-COMBO-CWF, Media cybernetics Inc. Bethesda, MD, USA). The immunoreactivity of 4-HNE adducts (red color) was distributed in nuclear foci which are spatially colocalized with mtHtt in striatal neurons of the R6/2 mice (Fig. 5) . As expected, NDGA decreased the 4-HNE immunoreactivity in neurons of R6/2 mice while the majority of 4-HNE immunoreactivity was spatially merged to the prominent clusters of mtHtt in vehicle-treated R6/2 mice (Fig. 5a) . The line measurement for the colocalization spots of 4-HNE and mtHtt showed a marked decrease in the intensity of two molecules in NDGA-administered R6/2 mice compared to vehicleadministered R6/2 mice (Fig. 5b) . The administration of NDGA also decreased the Pearson's coefficient for colocalization of 4-HNE with mtHtt in R6/2 mice (Fig. 5c) . Isosurface image data of the striatal section, which provided a more powerful computer rendering, was reconstructed after a deconvolution of the confocal image by AQI-X-COMBO-CWF program (Media cybernetics Inc., Bethesda, MD, USA). We studied a series of 40 confocal layers representing fluorescence data from the striatal section and then developed an abstract image which provided the details seen in Fig. 4d . Additionally, orthoslice images show the colocalization of 4-HNE adducts with mtHtt and its reduction by NDGA.
NDGA improves the membrane potential and the structure of mitochondria and synapse in transgenic HD (R6/2) mice In addition to in vitro experiments, we studied the intraperitoneal injections of NDGA-improved mitochondrial dysfunction in HD (R6/2) transgenic mice. We assessed the mitochondrial membrane potential in vivo using MitoTracker (CMXRos). CMXRos immunofluorescence was detected in striatal cells of WT and R6/2 mice (Fig. 6a) . In Fig. 3 Norhihydroguaiaretic acid (NDGA), an inhibitor of lipid peroxidation, prevents mitochondrial damage and neuronal death. a NDGA protects primary neurons from glutamate-induced mitochondrial damage. Confocal microscopy was performed to determine the level of mitochondrial potential (MitoTracker; CMXRos) and cytochrome c (Cyto. C) (green). Neurons were pretreated with NDGA (1 lM) 1 h before glutamate (100 lM) treatment. b Cytochrome c release was measured by Western blot analysis in response to glutamate with or without NDGA. NDGA blocks the cytochrome c release from mitochondrial fraction (MF) to cytosolic fraction (CF). c NDGA prevents the cleavage of pro-Cas-9 to active Cas-9. d NDGA treatment preserves mitochondrial morphology in primary neurons against oxidative stress. e NDGA elevates the level of ATP in primary neurons. Data were analyzed by Student t test. *Significantly different from zero dosage control at P \ 0.05 the R6/2 brain, the immunofluorescence of CMXRos was markedly reduced compared to WT brain. This implies that the mitochondrial dysfunction is a result of lowered mitochondrial membrane potential in R6/2 brains and striatal cells. The NDGA treatment significantly improved the fluorescent intensity of CMXRos in the brain and striatal neurons of R6/2 mice in comparison to the vehicle-treated R6/2 mice (Fig. 6a) . The change of mitochondrial membrane potential by MitoTracker probe in the brain tissue was further analyzed by NIH ImageJ (Online Resource 6). Thus, our method for assessing the mitochondrial membrane potential of brain and striatal neurons in vivo may contribute to understanding the mitochondrial dysfunction in HD animals. Additionally, we evaluated the ultrastructural change of the mitochondria and synapse in the striatal neurons of R6/2 mouse with and without NDGA administration. The mitochondrial membrane and cristae structure was deformed in the striatal neuron of R6/2 mice in comparison to the mitochondria of control mice (Fig. 6b) . NDGA treatment restored the ultrastructural morphology of mitochondria in R6/2 mice. These electron microscopic data support the fact that NDGA prevents neuronal mitochondria damage in vitro (Fig. 5c ) and in vivo (Fig. 6b) . The synapse morphology in the striatum of Fig. 4 NDGA reduces the level of 4-HNE adducts and aggregates of mtHtt in R6/2 mice. a NDGA decreased the immunoreactivity of 4-HNE adducts in the striatal neurons of R6/2 mice (R6/2 ? NDGA) compared to vehicle-treated R6/2 mice (R6/2). Scale bars: white 10 lm. b NDGA reduced the particle number of 4-HNE adducts. The particle numbers were counted from the images shown in a. Images taken from three fields were analyzed. c The density reduction of 4-HNE adducts by NDGA administration in R6/2 mice. The pixel values were originated and determined from the images in a. Particle numbers and density of 4-HNE adducts were determined using an image analyzing program (IP Lab, Scanalytics BD BiosciencesBioimaging). d Confocal microscopy shows that NDGA reduces the mtHtt aggregates in the striatal neurons of R6/2 mice. Scale bars: white 10 lm. e The reduction of mtHtt density by NDGA in R6/2 mice. The pixel values were originated and determined from the images in d using an image analyzing program. Images taken from three fields were analyzed. f Western blot analysis of mtHtt expression in detergent soluble fraction (Sol. Frac.) and insoluble fraction (Insol. Frac.). NDGA reduces the level of mtHtt in insoluble fraction. g The densitometry of mtHtt adducts by NDGA administration in R6/2 mice. The pixel values were originated and determined from the images in f NDGA-administered R6/2 mice shows improvement with structure similar to the control mice (Fig. 6c) .
NDGA improves gross brain neuropathology and extends the survival of HD (R6/2) transgenic mice To determine if NDGA plays a role in preventing the neuropathology and extending the survival in an animal model of HD, we examined the in vivo effect of NDGA in R6/2 mice. NDGA (12 mg/kg/day) was administered from 30 days of age to 90 days of age. Serial-cut coronal tissue sections revealed gross brain atrophy and flattening of the medial aspect of the striatum in the R6/2 brains compared with WT brains (Fig. 7a) . NDGA ameliorated these gross neuropathological sequelae in R6/2 mice compared with vehicle-treated mice at 3 months of age (Fig. 7a) . The atrophy of striatal neuron was markedly present in R6/2 mice (Fig. 7a) . Indeed, striatal neuronal size was significantly improved in NDGA-treated mice (93.01 ± 2.48 lm 2 ) (F (3, 22) = 4.60; P \ 0.05) that are similar to WT littermate control (100.63 ± 2.80 lm 2 ), comparing with vehicle-treated R6/2 (64.35 ± 5.23 lm 2 ) (F (3,22) = 3.42; P \ 0.01) mice (Fig. 7b) . The overall improvements of neuropathology were coincident with survival extension by 19% (vehicle-treated R6/2, 105 days; NDGA-treated R6/2, 125 days; v 2 = 9.23; P \ 0.01) (Fig. 7c) . The body weight of R6/2 mice dropped significantly at 105 days of age, but NDGA restored body weight significantly (F (4,60) = 7.910; P \ 0.01) (Fig. 7d) .
Discussion
Oxidative damage has been implicated in the pathogenesis of neuronal degeneration in a wide range of disorders, and membrane lipids in particular are a major target of reactive oxygen species (ROS). We showed that therapy with NDGA, which reduces lipid peroxidation and mitochondrial dysfunction, reduces the pathological phenotype in HD mice. NDGA is a lignan found in the leaves and twigs of the shrub Larrea tridentate [2] . It has antioxidant activity and is used commercially as a food additive to preserve fats and butter. NDGA has recently been found to activate estrogen receptor (ER)-mediated actions and to possess a specific ER modulator-like activity, preferentially inducing ER alpha-mediated transcription while showing mixed agonism/antagonism of ER beta-mediated transcription in an estrogen-responsive cell line [10] . Lignantype phytoestrogens bind to ERs with very low affinity, and high concentrations are required to manifest ER-mediated actions. In our study, we confirmed that the neuroprotective effect of NDGA is not dependent on transcriptional activation of ER in primary neurons (Online Resource 7). NDGA is also a selective inhibitor of 12-lipoxygenase (12-LOX), which produces ROS during arachidonic acid metabolism [20] . Activation of 12-LOX is produced by glutamate cytotoxicity and glutathione depletion. Because a number of eicosanoid metabolites generated by 12-LOX play critical roles in the induction of the neuronal cell death via oxidative stress, inhibition of 12-LOX activity promotes neuronal cell survival [18] . In order to determine whether the neuroprotective effect of NDGA is mediated by 12-LOX inhibition, we tested the effect of 12-HETE, a byproduct of 12-LOX, on neuronal viability against oxidative stress. We surmised that if NDGA's neuroprotection is related to the 12-LOX pathway, then 12-HETE should enhance its pro-apoptotic effects under oxidative stress. Our data demonstrated, however, that 12-HETE protects neurons from oxidative stress suggesting that the neuroprotective effect of NDGA is most likely an off target effect not related to 12-LOX inhibition (Online Resource 8) . A number of other biochemical pathways could be responsible for the neuroprotective effect of NDGA, and the exact mechanism remains to be defined [40] . Our present data also suggest that NDGA's neuroprotective effect may be due to reduced lipid peroxidation and improved mitochondrial function [11] . Mitochondrial membrane potential is an important subcellular marker for monitor oxidative stress signals related to neuronal cell survival and death [25] . The mitochondrion is one of the major targets for free radical-mediated damage, but its role as a contributor to oxidative stress is HD is controversial. Lee et al. [16] report that the polyQ modulates huntingtin's role in extra-mitochondrial energy metabolism rather than by directly impacting mitochondria in STHdh(Q111/Q111) cells, an HD knock-in model. Furthermore, mitochondrial function does not appear to be altered at early stages in other two knock-in mice models [19, 28] . Therapeutic strategies targeting mitochondria-dependent pathways will require further study to more fully understand mechanisms Fig. 6 NDGA restores the mitochondrial membrane potential and improves the ultrastructure of mitochondria and synapse in striatal neurons of R6/2 mice. a Enhancement of mitochondrial membrane potential by NDGA in HD (R6/ 2) transgenic mice. Fluorescent photomicrographs of striatal sections stained with CMXRos (red). NDGA treatment was started in 6-week-old mice for 3 weeks. CMXRos (100 nM) was injected i.p. 48 h before the perfusion of mice. Scale bars 19 2 mm; 409 50 lm. b NDGA treatment improves the ultrastructure of mitochondria in the striatal neurons of R6/2 mouse. c NDGA improves the morphology of synapse in the striatum of R6/2 mice which is similar to the control mice. Ultrastructural change of the mitochondria and synapse in the striatum of R6/2 mouse was found by TEM of energy failure and to develop appropriate treatments in HD.
The 4-HNE is relatively more stable than free radicals and passes easily among subcellular compartment to react with a variety of biomolecules bearing thiol and amino groups [38] . Previous research showed that the a-synuclein associates with 4-HNE to generate protein adducts that could serve as biomarkers in cellular models of a-synuclein aggregation and pathology [43] . In addition, 4-HNE, presumably resulting from the peroxidation of lipids, is increased in Alzheimer's disease (AD) patients and is found in amyloid beta peptide (Abeta) plaques associated with AD [40] . 4-HNE covalently modifies Abeta, triggering its aggregation. As a consequence, 4-HNE accelerates the formation of Abeta protofibrils while inhibiting the production of straight, mature fibrils [42] . Recent studies implicating Abeta oligomers and protofibrils in the neurotoxic process that ultimately leads to AD suggest that the Abeta aggregates induced by 4-HNE may be relevant to the pathogenesis of AD [31, 42] . In addition, 4-HNE deposits are found in the brains of patients with myotonic dystrophy [26] , and 4-HNE levels are elevated in the cerebrospinal fluid of patients with amyotrophic lateral sclerosis (ALS) [48] .
Our research indicates that increased 4-HNE deposition is a marker of the excessive lipid peroxidation in HD. Our data indicate that oxidative events are responsible for increased 4-HNE levels and mtHtt inclusion formation in a cellular model of HD. Interestingly, we found that 4-HNE adducts immunoreactivity was distributed in nuclear foci that is spatially colocalized with mtHtt in striatal neurons of the R6/2 mice. In contrast, there was no significant alteration in the level of malondialdehyde (MDA) adducts, another lipid peroxidation marker, in the striatum of HD mice (Online Resource 9). Modifications of mtHtt produced by 4-HNE could substantially alter its physical properties as well as increase its toxicity and contribute to inclusion body formation.
While there are no present treatments to ameliorate or arrest the neuropathological alterations in HD patients, significant advances have been made in animal models of HD [47] . These advancements have recently initiated a number of clinical trials [20, 26, 36] . We explored whether therapeutic modulation of oxidative stress and # significantly different from vehicle-treated R6/2 mouse, P \ 0.05. c Kaplan-Meier probability of survival analysis of NDGA treatment in R6/2 mice (n = 10) and vehicletreated R6/2 mice (n = 10). d Effect of NDGA treatment on body weight in R6/2 mice. *Significantly different from vehicle-treated R6/ 2 mouse, P \ 0.01 mitochondrial function by NDGA affects 4-HNE levels or mtHtt aggregation in R6/2 HD mice. As we expected, NDGA decreased the level of 4-HNE adducts in striatal neurons of R6/2 mice. In addition, the colocalization of 4-HNE adducts with mtHtt were reduced by NDGA, while the majority of 4-HNE immunoreactivity was spatially merged to the prominent clusters of mtHtt in vehicletreated R6/2 mice. It is most likely that the decrease of mtHtt inclusions is correlated with the reduction of 4-HNE adducts by NDGA administration raising the possibility that NDGA may directly inhibit aggregation of mtHtt consistent with previous findings regarding the anti-fibrillogenic and fibril-destabilizing effects of NDGA on Abeta aggregation and a-synuclein fibrils [13, 26, 27] .
Our data indicate that the increased level of 4-HNE adducts, identified in both human and animal models of HD, is a useful molecular marker for the oxidative damage in HD. We have determined that indications of oxidative stress elevate the level of 4-HNE adducts and mtHtt inclusions in HD and believe that the lipid peroxidation pathway may be a novel therapeutic target for preventing known oxidative injury in HD. It remains evident that further mechanistic and detailed studies will be of enormous value to further understand the role of 4-HNE on mtHtt modifications.
The administration of NDGA resulted in a beneficial effect in neurons by modulating the mitochondrial function and oxidative stress. In addition, NDGA ameliorated the neuropathology and extended the survival of R6/2 transgenic HD mice [41] . Our findings suggest that NDGA may be a candidate for future clinical trials in HD and other neurodegenerative disorders.
